transverse cracking by using pavement management data from specific projects that used PG XX-34 asphalt (3). The study was limited to data available at the time, which included surveys up to 2006 or 2007, depending on the rating schedule, but it showed a significant reduction in the development of transverse cracks on pavements constructed with PG XX-34 binder compared to typical crack growth in new BAB pavements constructed before PG implementation. The results of that study validate the concept of performance grading for low-temperature cracking, but there continues to be an interest in how long that effect will remain. Therefore, pavement sections constructed with PG XX-34 binders will continue to be evaluated to monitor transverse cracking performance. This report uses additional performance data collected through 2009. Transverse crack growth will be revisited periodically in the years to come because the reduction in transverse cracking might relate to improvements in other performance measures over time, such as ride, maintenance demand, and rehabilitation strategies when these pavements come due for rehabilitation.
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EVALUATION METHOD

BAB Transverse Crack Performance with PG XX-34 Binder
This review started from the list of 26 construction projects developed from records in the Minnesota DOT bituminous unit that identified mix designs that included PG XX-34 binders. The projects selected for that list were either new BAB construction or full-depth reclamation construction projects. Pavement management data from the pavement management unit were used to determine the rate of transverse cracking on these projects.
The pavement management data are organized by nominal mile-long sections of pavement that are identified by route number, reference post (mile marker) location, and direction if the project is on a divided highway. These nominal mile-long sections are called M-records. The list of projects resulted in 100 M-records from 26 projects constructed between 2000 and 2007. The Minnesota DOT survey process for distresses uses an approximate 10% sampling in which all visible distresses in the first 500 ft of each M-record are rated (4, 5) . Table 1 summarizes the number of transverse cracks counted in the pavement management rating process by M-record number. The counts in Table 1 are M-records. For example, the row for 5-year-old pavements shows that 11 M-records had zero transverse cracks, five M-records had one transverse crack, two M-records had two cracks, and one M-record had four cracks. The number of M-records does not total 100 because not all of the pavements have distress surveys every year. The count only reflects the sections that were surveyed. Table 1 shows that the majority of M-records have not cracked. Of these M-records, the worst cases for transverse cracking are two
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The Minnesota Department of Transportation (DOT) adopted the use of performance-graded (PG) asphalt binders in 1997. In 1999 the Minnesota DOT required PG XX-34 binders for all new (not overlay) bituminous construction with the objective of reducing the amount of transverse cracking. Pavement management data were used to track the development of transverse cracking on PG XX-34 projects. The transverse cracking rate of the PG XX-34 projects was then compared with the cracking rates for similar projects from the pre-PG era. The comparison found that after 7 years of service, transverse cracks on the PG projects were developing at approximately 1/10th the rate experienced before performance grading was implemented.
Transverse cracking is a major distress for bituminous pavements in Minnesota. One of the objectives of SHRP, which was established in 1987, was to improve asphalt binders and the asphalt mix design process (1). SHRP's work on asphalt resulted in a Superpave ® PG binder specification (2) that allows agencies to specify asphalt binders that resist rutting and low-temperature cracking.
The PG rating is intended to provide test methods that can grade asphalt binder material by high-temperature and low-temperature characteristics. The high-temperature characteristics relate to the rutting potential of a hot-mixed asphalt, and the low-temperature characteristics relate to the capability of a hot-mixed asphalt to resist transverse thermal cracking when cold. The grading system consists of two numbers that indicate a suitable temperature range for the binder's use. The notation throughout this report is PG XX-34, indicating that the Minnesota Department of Transportation (DOT) can specify several temperatures for rutting resistance, typically 58°C or 64°C. The -34 designates that the binder should be resistant to cracking down to −34°C. The grading system is used to specify the type of binder needed for the temperature conditions of the project.
Minnesota DOT started using PG asphalt binders in 1997. Part of the implementation of PG included the requirement that all new bituminous-over-aggregate base (BAB) construction north of Interstate 94 use PG XX-34 in the upper 4 in. to reduce the amount of transverse cracking. That requirement was modified in 1999 to cover the entire state. Minnesota DOT staff has observed that the use of PG XX-34 binders has significantly reduced the amount of transverse cracking. In response to this observation, in 2007 the Pavement Management Unit conducted a brief study to investigate the rate of M-records for 3-year-old pavements that have five cracks in 500 ft, or an average crack spacing of 100 ft.
PG XX-34, however, does not prevent other types of distress from developing. These pavements are showing centerline coldjoint cracking and longitudinal cracking rates that are similar to the performance of pavements constructed before 1997. Rutting has not developed on any of these sections.
Transverse Crack Performance Overall History
How does the effect of PG XX-34 relate to Minnesota DOT's experience with transverse cracking in the past? All BAB construction was extracted from the Minnesota DOT pavement management data and divided into four periods to show how transverse cracking has changed over the years:
• 1971 to 1980. Bituminous pavements constructed during this time used recipe-mix designs for all nonwear courses. Only the wear course mix was based on a mix design process. The typical bituminous binders were 85 to 100 or 120 to 150 penetration-graded asphalts, depending on traffic.
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• 1981 to 1990. Bituminous pavements constructed during this time often used hot-mixed recycling on the nonwear courses. Minnesota DOT required all mixes that included recycled asphalt pavement be designed.
• 1991 to 1994. Quality management was implemented during this period: contractors were responsible for quality control, and Minnesota DOT was responsible for quality assurance.
• 1995 to 1999. The mix design specifications included voids in the mineral aggregate. Figure 1 is a plot of the total number of transverse cracks per 1,000 ft (305 m) versus the number of years from original BAB construction. The total transverse crack value is simply the sum of low-, medium-, and high-severity transverse cracks. The values plotted in Figure 1 are based on the median number of cracks from all of the M-records available for each of these periods, except for the PG XX-34 plot, which is based on the average value. (The median value for each year of age in the PG XX-34 data set is 0.) The plots for the different time periods in Figure 1 show differences in the growth of transverse cracking between the time frames described. The data from each of these time periods were checked, by each year of age, to see if the differences between the amounts of transverse cracking were statistically significant by using the unpaired t-test (two-sample test assuming unequal variances and an alpha of 0.05). The PG XX-34 data set was significantly different from all of the other sets for all available years of age. All of the other groups were also shown to be significantly different for most of the years of age. Of the 84 comparisons (by age and period), 62 showed significant differences. They were not significantly different more often under the age of 4 and over the age of 10 years.
BAB pavements constructed in the 1970s showed the fastest growth in transverse cracking and the highest final value, which hovered around 50 cracks in 1,000 ft. BAB construction in the 1980s showed a notably slower growth in transverse cracking that was most obvious between the ages of 4 and 9 years, but ultimately ended up at about the same final rating value of 50 cracks. The 1990s were divided into two periods on the basis of differences observed in preliminary analysis. The amount of transverse cracking was different for all ages except 3 years and after age 11 years. The transverse crack growth for BAB pavements constructed in the first part of the 
FIGURE 1 Total transverse crack ratings of past BAB construction.
1990s had an initial growth rate similar to that seen in BAB constructed in the 1970s, but it reached a plateau at a rating of a little under 40 from ages 6 to 13 years and then rose to a rating a little over 40 from 14 years on. BAB pavements constructed in the late 1990s have a much lower transverse crack growth rate than BAB pavements constructed earlier, but cracking has not yet reached a plateau at 14 years of age, which indicates the ultimate amount of cracking might be similar to the BAB constructed in the first half of the 1990s. The total number of transverse cracks per 1,000 ft shown in Figure 1 was translated to median distance between transverse cracks and plotted in Figure 2 . The common trait for all periods of construction is that the transverse crack spacing seems to approach 20 feet (6 m) regardless of the construction period, but the amount of time it takes for that to occur varies. BAB pavements constructed in the 1970s seemed to get to 20-ft (6-m) spacing in about 7 years, the 1980s BAB took about 12 years, and the first and second halves of the 1990s are taking about 15 years to reach 20-foot spacing. One of the oldest PG XX-34 sections in this study has reached a spacing of 250 ft (76 m) in 7 years. At this growth rate, the PG XX-34 BAB pavements are not expected to have much transverse cracking, even as they approach the time for rehabilitation for other reasons, such as ride.
IMPLICATIONS OF PG XX-34 BINDERS IN BAB CONSTRUCTION
Pavement performance data through 2008 show that the PG XX-34 binders used in BAB construction since about 1999 have resulted in a significant reduction in transverse cracking. What does this mean to Minnesota DOT? At least two significant potential benefits can be identified: first, long-term ride performance will be better, assuming transverse cracks contribute to roughness; second, long-term pavement maintenance and patching demand will be reduced.
The relationship between transverse cracking and ride is fairly well accepted by the Minnesota DOT engineers who track pavement performance, but quantifying this relationship with the data is not a straightforward task given current measurement processes. Transverse cracks tend to develop a depression in the wheel path at the crack locations over time. These depressions, commonly called cupping or dips, generate an impact that is transmitted from the tires into the vehicle as it travels across the crack, which can be annoying to passengers. One of the difficulties in associating the depressions at transverse cracks to ride quality is the method that the Minnesota DOT uses to determine its ride index. The Minnesota DOT measures the longitudinal profile of the pavement in both wheel paths with a high-speed laser inertial profiling device as part of the annual pavement management survey on every highway (in both directions). The profile measurement itself is very precise and accurately measures the actual depth and width of these dips. The problem lies with the ride index. Minnesota's Ride Quality Index uses a two-step process to go from the measured profile to the Ride Quality Index. The first step is to calculate an international roughness index (IRI) from the profile. The IRI, however, is not very sensitive to this type of roughness. The IRI was developed from a World Bank study conducted in Brazil in 1982 (6) and introduced as a roughness measurement process in 1986 according to Sayers (7 ) . The IRI calculation reduces the profile to the accumulated amount of movement between the wheel and body of a theoretical quarter car, sometimes called the golden car. The golden car was modeled after a typical American family automobile. Since the dips at the transverse cracks do not generate very much movement between the wheel and body of the car compared to other longer undulations or bumps in the pavement, the dips have minimal impact on the IRI. The resulting IRI was correlated with a large panel of passengers by Minnesota DOT in 1997, and that relationship is what is currently used to calculate the Ride Quality Index.
The ride number, a ride index developed in the mid-1980s by Janoff with continued development by Spangler and Kelley (8) , shows more sensitivity to dips at transverse cracks. The ride number was developed using the concept of the subjective ride rating process developed at the AASHO Road Test. It established an analytical method of estimating the subjective ride rating obtained from a large panel of passengers called the present serviceability rating from the longitudinal profile. The analytical method concentrated on the relationship of the present serviceability rating and various roughness wavelengths and amplitudes contained in the profile. The annoyance of the dip is captured in this process.
Regardless of the measurement process used for the ride index, transverse cracks will have some influence on ride.
The second benefit from reducing the number of transverse cracks is that routine maintenance patching needs are expected to decrease. Although it is too early to judge the actual nature of the deterioration of the PG XX-34 pavement in the vicinity of the crack as the pavement ages, deterioration is not expected to be worse than it has been in the past. Therefore, the need for patching as a result of transverse cracks will decrease as these pavements age simply because there are fewer cracks to deteriorate. Some evidence also suggests the possibility that pavements constructed with modified PG XX-34 binders might have greater long-term durability against deterioration next to the cracks, which would also reduce the patching demand as the pavement ages on a crack-by-crack basis. These potential benefits need to be documented so they can be quantified, but that will take time. Minnesota DOT will need to follow the performance of PG XX-34 projects for about another 10 years to be able to confirm that the expected benefits are real.
CONCLUSIONS
Transverse cracking on BAB pavements constructed with PG XX-34 binder is occurring at a much slower rate than experienced by pavements constructed with penetration-graded binders. The monitoring of the transverse cracking in BAB pavements constructed with PG XX-34 shows that transverse cracks are developing at the rate of about 1 for every 20 that developed on BAB pavements constructed in the 1970s and 1980s and at about 1 for every 10 that developed on pavements constructed just before the use of PG XX-34 binders.
The Minnesota DOT will need to continue to monitor the growth of transverse cracking on BAB pavements constructed with PG XX-34 binders until the pavements have reached terminal serviceability as a result of ride or distress to fully understand the benefit from PG XX-34 binders. Here are a few thoughts for future consideration:
• Should overlays placed on BAB pavements constructed with PG XX-34 use PG XX-34 binder? It would seem that they should. If so, there needs to be a tracking system established to easily identify these projects when the time comes to rehabilitate them. The pavement management system could be used to track these sections to rehabilitation and beyond.
• The transverse cracking rate just before the adoption of PG binders was significantly less than in previous construction eras. The reasons for this change have not been investigated, but might relate to the adoption of mix design and quality control and quality assurance procedures. An investigation of the probable reasons for the improve-ment in transverse cracking might result in useful information that can be considered in the current mix design and quality management methods.
